expression levels were compared in the pegs of seedlings In young cucumber seedlings, the peg is a polar outgrowth of tissue that functions by snagging the seed coat, thereby freeing grown in space (STS-95), on a clinostat, and on earth (1 g).
Introduction
The most familiar responses of plants to gravity are the upward growth of the shoot and the downward growth of the roots. In addition to these responses, many cucurbits also develop a specialized organ, known as the 'peg', which protrudes from the root-shoot transition zone. This organ always develops on the lower side of the seedling during seed germination, as described by Darwin (1881) , and is used by the developing seedling to help remove the seed coat. When clinostats were used to disrupt the gravity vector, the peg did not develop on more than half of the seedlings Suge 1988, Takahashi and Scott 1994) . These and other studies (Darwin and Acton 1895 , Witztum and Gersani 1975 , MacDonald et al. 1983 indicated that gravity plays a direct role in formation of the peg, and the peg has become a model system for gravimorphogenic responses.
Abbre6iations -BRIC, biological research in canisters; Ct, threshold cycle number; I PCR, inverse polymerase chain reaction; MET, mission elapsed time; OES, orbiter environmental simulator; OSRF, Oceaneering Spacehab refrigerator freezer; RT PCR, reverse transcription polymerase chain reaction; semi-Q RT PCR, semi-quantitative reverse transcription polymerase chain reaction.
individual members of gene families is often regulated both spatially and developmentally. The peg model system offered the opportunity to identify additional cucumber expansins that were involved in an important morphogenic and developmental process. The present work reports the discovery of 7 new h-expansin genes in Cucumis sati6us and on the expression levels of 2 of these new h-expansins in the pegs grown in space, on a clinostat, and on earth (1 g).
Materials and methods

Tissue isolation
Tissue was isolated from 36-h-old seedlings of Cucumis sati6us L. cv Burpee Hybrid II grown in flats on germination paper. Cuts were made immediately above and below the developing peg, isolating the section of the seedling with the peg. This section was frozen in liquid nitrogen and was designated 'peg'. Root tip segments (apical 1 cm) were isolated from the same seedlings, frozen in liquid nitrogen, and designated 'root'. RNA isolated from both root and peg segments was used for degenerate PCR to look for previously unknown cucumber expansins. Tissue was also collected from 4-day-old etiolated seedlings. The hook portion of these seedlings (without the cotyledons) was frozen as above and designated 'hook', while the 0.5-cm section immediately basal to the hook was collected, frozen and designated 'half cm'. CsExp1 and CsExp2 are highly expressed in this tissue (M. W. Shieh, J. Shi, D. J. Cosgrove, unpublished results) . Individual peg and root segments were isolated from frozen seedlings for the space flight and ground control (orbiter environmental simulator [OES] ) portions of the experiment.
RNA isolation
Two techniques were used to isolate RNA from cucumber tissues. The first technique, described in Link and Cosgrove (1998) , used Trizol ® (Gibco BRL (now Invitrogen Life Technologies, New York, USA); Cat. no. 15596-026) following the manufacturer's protocol to extract total RNA from 1.2 g of tissue. Poly-A RNA was subsequently extracted from this material using either the Promega PolyAtract ® kit (Madison, WI, USA; Cat. no. Z5420) or the Qiagen mRNA mini kit (Chatsworth, CA, USA; Cat. no. 70022) using the manufacturer's protocols.
The second technique for isolating RNA was the Qiagen RNA Plant mini kit with Qiashredder ® columns (Qiagen Cat. no. 74904). RNA concentrations were determined by spectroscopy. This technique produced total RNA and was used to isolate RNA from individual peg or root segments. This RNA was subsequently used for semi-quantitative reverse transcription polymerase chain reaction (semi-Q RT PCR).
Degenerate RT PCR
Expansin cDNAs were cloned by degenerate RT PCR using two methods. The first method had separate reverse transcription and PCR steps and was described in Link and Cosgrove (1998) . Twenty clones were isolated from root tissue and 20 clones were isolated from peg tissue using the first technique. All of the clones were sequenced using USB's Sequinase (Cleveland, OH, USA; Cat. no. 70721) and protocol. Analysis of the sequence revealed only 2 unique expansins that were named CsExp3 and CsExp4.
The second method was similar except that the RT and PCR steps were done in the same reaction tube using Gibco BRL's One Step™ reagent and protocol (Cat no. 10928-018). We followed the manufacturer's protocol, except that the reaction volume was scaled down to 10 ml and 10 ng of total RNA was used. Half nested degenerate PCR was done using a MJ Research PTC-100 thermocycler (Watertown, MA, USA) using the EX1 sense primer (ACSGCRGCKY-TRAGCACGGCKYTRTTC) with the EXA2 antisense primer (TGCCARTTYTGTCCCCAGTTTCKHSWCAT) (42°C reverse transcription for 30 min followed by 85°C for 2 min, and then the PCR: 92°C denaturation for 40 s, 55°C annealing for 40 s, 72°C extension for 40 s, 25 cycles), followed by the half nested PCR using the EX2 sense primer (GGHGGNTGGTGYAA YCC) and the EXA2 antisense primer (92°C denaturation for 20 s, 55°C annealing for 20 s, 72°C extension for 40 s, 35 cycles). The 300-bp band was isolated, cloned, and sequenced using an ABI Prism automated sequencer. Five additional expansins were identified.
Inverse PCR
Inverse polymerase chain reaction (I PCR) was used to recover additional 5% and 3% sequence. In this procedure, blunt-ended cDNAs were self-ligated to form a circlet. Primers were designed to the known sequence (from the degenerate PCR) that faced each other over the unknown portion of the cDNA. The division between the 5% and 3% ends of the cDNA was determined by locating the poly-A region. Briefly, 100 ng of mRNA was first reverse transcribed using Gibco BRL's SuperScript II™ reverse transcriptase (Cat. no. 18064-022) and protocol. Second-strand cDNA synthesis and ligation were done following a protocol by Huang (1994) . The ligated cDNA was then boiled for 2.5 min (to introduce nicks in the cDNA) and used for I PCR. Half or fully nested designs were used. All reaction volumes were 10 ml and 1 ml of a 1-10 dilution of the I PCR reaction was used as starting material for the nested or half nested PCR. Primer sets and PCR conditions used to recover additional sequence are given in Table 1 . An Idaho Technologies capillary thermocycler was used for all of the cDNAs, with the exceptions of CsExp6 and CsExp9, where an MJ Research 100 thermocycler was used. Sequence alignments and phylogenetic analysis were done using the DNASTAR package (Lasergene) and MEGA (Kumar et al. 1993) , respectively.
Semi-quantitati6e RT PCR
Semi-Q RT PCR was used to determine differences in gene expression levels of 6 of the cucumber expansin genes. Sense primers were designed to the cDNA in a location corresponding to the presumed intron II site in the gene (this site is conserved in many h-expansin genes). This was done to Table 1 . I PCR conditions. Additional 5% and 3% cDNA sequences were recovered by performing I PCR followed by a half or fully nested PCR reaction. The primers (bold face) and PCR conditions used for each cDNA are shown. Primer sequences are given in parentheses. 
94°C for 2 min, followed by 44 cycles of 92°C for 40 s, 57°C 94°C for 1 min, followed by five cycles of 92°C for 40 s, for 40 s, 72°C for 60 s 59°C for 40 s, 72°C for 40 s, followed by 30 cycles of 92°C for 40 s, 50°C for 40 s, 72°C for 40 s prevent the primers from annealing with any contaminating genomic DNA in the RNA preparations. Antisense primers were designed to the 3% untranslated region (UTR) near the stop codon. These primer pairs allowed amplification of PCR products from specific expansins. For each expansin, the primers were as follows: CsExp1 sense primer, GTCTC-CTTTCGTAGGGTACCA; antisense primer, CGAGATT-ATAGGCAGTGAGAGTG; CsExp2 sense primer, GGGC-AAGTCCAAGTTT; antisense primer, GCTTGTTACA-AACCAACC; CsExp3 sense primer, CCAGTGGCATAC-AGAAGGGTAT; antisense primer, CGCTACGTCGTTG-GATATCAC; CsExp4 sense primer, GTCTCCTTTCGCA-GAGTGG; antisense primer, ACAATGTTGGAAGAA-GTTGAAATC; CsExp6 sense primer, ArtInt CCTACCGC-CGAGTGGG; antisense primer, CTGAATCCTCTTTG-GTTGTG; CsExp9 sense primer, TCCTCTCTCTTCTCA-CCGTCC; antisense primer, TGAGAAACATTGGCATG-GCA. The primers for CsExp9 were made to the 5% end of the gene with the sense primer in the non-conserved N-terminal region because 3% UTR sequence for this cDNA was not available. Primers were also made for CsExp7 but they were inadequate for semi-Q RT PCR.
Semi-Q RT PCR was done using two kits. The first kit was the Gibco BRL One Step™ kit. The manufacturer's protocol was followed, except that the reactions were scaled down to 10 ml. Total RNA (10 ng) was used in each reaction. Five tubes were removed in sequence, one per cycle for 5 cycles to determine at which cycle PCR products could be detected for a given sample with a given set of primers. Primers made to the 18S ribosomal RNA (sense primer: TTGTGTTGGCTTCGGGATCGGAGTAAT, antisense primer TGCACCACCACCCATAGAATCAAGAAAGA) were used on the same RNA samples at the same time (but in different tubes) to determine when ribosomal product could be detected. To ensure uniformity, one large mix was made of everything the reactions required, except for the primers. This mix was then split in half. Half was used for the 18S controls and half for the gene of interest. For semi-Q RT PCR, the cycle number at which the ribosomal product is first detected (Ct 18S ) is subtracted from the cycle number at which the cDNA of interest is first detected. This value is called the threshold cycle number (DCt) value and is normalized for variations in RNA loading and in reverse transcription efficiencies. DCt values were measured across starting total RNA amounts from 2.5 ng to 100 ng (per 10 ml reaction) to verify that the primers and the technique worked properly. The DCt value can be used to compare gene expression across tissues, but it cannot be used across genes, due to variations in primer efficiencies from gene to gene. The Gibco BRL kit was used to characterize CsExp3 and CsExp4 expression levels in the pegs of seedlings grown at 1 g, on clinostats, in space or in the OES. In these studies, all reactions were done in triplicate. The PCR products were also cloned and sequenced to verify that the appropriate expansin was the source of the signal. An MJ Research 200 thermocycler was used for all semi-Q RT PCR reactions. The profile was as follows: 42°C reverse transcription for 30 min followed by 85°C for 2 min, and then the PCR: 92°C denaturation for 40 s, 55°C annealing for 40 s, 72°C extension for 40 s. The cycle numbers at which signals appeared for a given gene are reported in Results.
Due to quality control problems encountered with Gibco BRL, Roche's Titan PCR system (Cat. no. 1855476) was used to examine the gene expression levels of the different h-expansins in different tissues. The manufacturer's protocol was used, except that the reactions were again scaled down to 10 ml and 0.2 ml of the Titan enzyme mix was used instead of 0.1 ml. The DCt values were measured at least twice for each tissue (root, peg, half cm, or hook) for each of the 6 genes to ensure accuracy. For a given RNA sample, a set of Physiol. Plant. 113, 2001 primers and reaction conditions, the DCt value has a fixed value. The Titan kit was found to produce DCt values that were two cycles lower than those obtained with the Gibco BRL kit.
Clinostat experiments and 1 g controls
Clinostat experiments were conducted as described (Link and Cosgrove 1999) . Briefly, a BRIC-60 (biological research in canisters) and a single axis clinostat (1 rpm) were used for preflight testing. A BRIC-60 is a standardized, NASA flight certified, aluminum cylinder 15.3 cm in height by 8 cm in diameter, fitted with a vented end cap that permits gas exchange while blocking light. Burpee Hybrid II cucumber seeds were prepared for germination as follows: 12 cucumber seeds were glued to germination paper (Kimpak ® K-22 germination paper; Seedburo, Chicago, IL, USA) with a small amount of rubber cement. The paper pads were placed in 60 mm ×15 mm Petri dishes and watered with 6 ml of water. Eight dishes were loaded into each BRIC along with a packet of 'Purafil' (WSM Corporation, Tampa, FL, USA), an ethylene absorbent material approved by NASA. The BRIC was refrigerated at 4°C for 48 h. After refrigeration, the BRIC was transferred to the clinostat and kept at 26°C for the 36-h growth period. After 36 h of growth, the stack of plates was removed from the BRIC and frozen by partial immersion in liquid nitrogen. Experiments at 1 g were conducted in the same manner as the clinostat experiments, but the cylinder was not clino-rotated.
Space flight experiment
As described in Link and Cosgrove (1999) , 4 BRICs were flown on board the space shuttle Discovery (STS-95) and a parallel set of BRICs was used for ground control experiments. Prior to launch, BRICs were prepared as described for the clinostat experiments. Each BRIC was given a letter designation A, B, C or D. All of the seeds were watered on the ground 40 h before launch and transfered at 4°C to the Oceaneering Spacehab refrigerator freezer (OSRF). BRICs A and B were removed at mission elapsed time (MET; days hours:minutes) 000 07:15, and allowed to germinate for 37 h and 39.5 h, respectively. These BRICs were then frozen at −194°C in the orbiter's GN2 (gaseous nitrogen) freezer. BRICs C and D were removed from the OSRF and transferred to the mid-deck locker at MET 007 3:37 and 007 18:12, and frozen by partial immersion in liquid nitrogen 3.5 h after landing. The time between removal from the OSRF and freezing was 47.7 h for BRIC C and 31 h for BRIC D. The temperature, relative humidity and CO 2 concentration of the mid-deck locker were recorded by the orbiter's on board computer and relayed to the Kennedy Space Center for ground control simulations.
The parallel set of ground control BRICs was watered, refrigerated, germinated and frozen in the same manner as described above. The control experiment was done in the ground-based OES, which duplicated the orbiter's temperature, relative humidity and CO 2 profiles.
Results
Identification of expansins
Partial sequences for 7 new h-expansin genes from cucumber were recovered using degenerate and I PCR (GenBank accession numbers: AF319469-AF319475). An alignment of their predicted protein sequence is shown in Fig. 1 . h-Expansins have a highly conserved region of approximately 233 amino acids and a signal peptide that directs secretion into the cell wall (Shcherban et al. 1995, Link and . Some expansins also contain small N-terminal conserved regions between the signal peptide and the highly conserved 233 amino acid sequence identifying them as belonging to specific subgroups. Sequence coding for the signal peptide and the N-terminal non-conserved domain was recovered for 4 of the 7 new expansins. This region identified CsExp6 and CsExp9 as being members of the subgroup 'A' h-expansins. This subgroup is characterized by the RIPXGXYXG (RIP) motif in its N-terminal sequence. Variations within the highly conserved 233 amino acid domain indicate that CsExp5 is also a member of this subgroup. We would predict that its N-terminal region would also contain the RIP domain. Similarly, variations in the small amount of sequence from CsExp8 suggest that it is a member of subgroup 'B' h-expansins that have a 'DY' in their N-terminal region.
The discovery of 7 additional h-expansins allowed us to test predictions about motifs found in h-expansin subgroups. Previously, amino acid motifs were identified that appear to be conserved and to predict h-expansin subgroups (Link and Cosgrove 1998) . These amino acid motifs are highlighted in the alignment shown in Fig. 1 . The recovered portions of the newly discovered cucumber hexpansins matched these motifs with no exceptions. However, CsExp3, CsExp4, CsExp6, and CsExp8 were found to have a single amino acid change in one motif (circled in Fig. 1 ) that was characteristic of a subgroup other than theirs, i.e., this change eliminates the uniqueness of a particular amino acid change for another subgroup at a single site. In all cases, these cDNAs carried all of the previously identified motif changes unique to their subgroup. We interpret this to mean that the overall pattern of motifs within a subgroup is more important than the uniqueness of a given amino acid.
CsExp4 had all of the internal motifs characteristic of a member of the A subgroup of h-expansins, but it also showed changes in the conserved portion of the protein that other members of this subgroup did not have. In addition, it lacked the most characteristic feature of this subgroup, which is the RIP domain found in the non-conserved N-terminus. Indeed, a phylogenetic tree produced using MEGA (Kumar et al. 1993) , shown in Fig. 2 , indicates that CsExp4 is closely related to, but is not a member of, the h-expansin A subgroup. This tree agrees well with the previously published trees Cosgrove 1998, Catalá et al. 2000) . The patterns of previously identified motifs remain good predictors of h-expansin subgroups. Fig. 1 . Alignment of predicted cucumber expansin proteins. Partial sequences for 7 new h-expansins were obtained by degenerate and/or I PCR. The sequences are shown for mature proteins (signal peptide removed) aligned with the sequences for CsExp1 and CsExp2. Sequences have been ordered according to which subgroup of the h-expansin family they are closest to. Dashes indicate spaces inserted to maintain the alignment. Dots indicate identity with the consensus. Boxes have been drawn around amino acid motifs that were previously identified as being unique for a particular subgroup. Circled amino acids indicate amino acid substitutions that eliminate the uniqueness of that amino acid for another subgroup (boxed amino acids in the same column). The conserved portion of the protein begins at position 14. N-terminus sequences for CsExp5, CsExp7 and CsExp8, and C-terminus sequences for CsExp5, CsExp8 and CsExp9 are missing.
Patterns of expression
The levels of gene expression in 4 regions of the seedling: the root, the peg, the apical half cm of hypocotyl basal to the hook, and in the hook were examined. The high conservation within the h-expansin family and the lack of large pieces of 3% and 5% UTR for the 7 newly discovered expansins made northern analysis impractical; therefore, semi-Q RT PCR was used. Gene specific primers were successfully made for 4 of the 7 new cucumber expansins, as well as for CsExp1 and CsExp2. RNA was pooled, so that the results presented in Fig. 3 are representative of many individuals (more than 50). Figure 3 shows that CsExp1, CsExp2, CsExp6, and CsExp9 are more highly expressed in the hook and the 0.5-cm sections than they are in the peg and root material. The drop off in expression of CsExp1 is particularly extreme. No signal was detected from this gene in root tissue, even after 46 cycles. Conversely, CsExp3 and CsExp4 are more highly expressed in the peg and root tissues. Furthermore, since these organs are gravi-responsive, CsExp3 and CsExp4 are good candidates to be affected by gravity and to play a role in the growth and development of these organs.
Environmental effects on gene expression
Previous reports stated that more than 50% of Burpee Hybrid II cucumber seedlings grown on clinostats did not develop pegs Suge 1988, Takahashi and Scott 1994) . Based on this report, a reduction in the expression levels of expansins was predicted in the peg region when seedlings were grown on clinostats. However, we found that pegs developed on clinostat and space grown seedlings more than 97% of the time (Link and Cosgrove 1999) . Nonetheless, expression levels of CsExp3 and CsExp4 were measured in the pegs of 1 g, clinostat, OES, and space grown seedlings to determine if there was a difference. Figure 4 shows that the average DCt values for CsExp3 in ground-grown (1 g) and clinostat-grown seedlings were 12.86 and 15.48, respectively. This difference indicates a 4.6-6-fold difference in gene expression level for clinostat grown seedlings and was significant in a two-tailed Student's t test (PB 0.01). The average expression level of CsExp3 dropped when seedlings were clino-rotated. In contrast to the clinostat results, the DCt values for space-flown samples and their 1 g (OES) controls were nearly identical (14.14 and 14.02, respectively), indicating that the space environment Physiol. Plant. 113, 2001 did not alter CsExp3 expression levels as compared to the OES controls.
For CsExp3, there was a difference in the DCt value between seedlings grown on the ground at Penn State and those grown in the OES. The OES DCt value of 14 was 1.14 cycles above that of the ground control experiments done in our laboratory, indicating approximately a 2-fold reduction in the gene expression level. This difference was significant and shows that there was some environmental difference between the growth conditions at NASA and those at Penn State.
The results for CsExp4 were similar; however, the expression level of CsExp4 could only be determined reliably for 1 g grown seedlings. The expression level was either at or below the level that it could be reliably measured for 60% of the seedlings grown on clinostats, in the OES, or in space. The results in Fig. 4B are for samples where a value was obtained and show that CsExp4 was down-regulated on clinostats and in the space-flight portion of the experiment.
Discussion
In the present work, there was a change in the DCt value for both CsExp3 and CsExp4 between the clinostat and 1 g controls. In both cases, the expression levels of these two genes declined. Based on this result, the expression levels of both genes were predicted to decrease in space-grown seedlings. While a reduction in gene expression level was seen, there was no statistically significant difference in gene expression levels between the space-grown and the ground control seedlings, leading to the conclusion that the 2D, slow rotating clinostat did not simulate the space environment well. Clinostats are frequently used as controls to simulate the space environment, though the value of these simulations must always be viewed with caution. There are many different designs for clinostats, most recently reviewed by Hoson et al. (1997) . Each design has its problems and may not adequately simulate the space environment (Briegleb 1992, Piastuch and Brown 1995, Hilaire et al. Fig. 2 . Phylogenetic tree of selected h-expansins. The MEGA program was used to produce the phylogenetic tree by neighbor joining, complete deletions and Kimura two-parameter distances. The third base of each codon was excluded from the analysis, due to probable saturation at this site. P-values are shown at the base of each branch. The tree clearly shows 4 major subgroups of h-expansins, which are denoted by A, B, C, or D. Note that subgroups cross species boundaries: At, Arabidopsis thaliana; Cs, Cucumus sati6us; Le, Lycopersicon esculentum; Nt, Nicotiana tabacum; Os, Oryza sati6a; Ps, Pisum sati6um. Phleum pollen allergen (PHLP1) was used to root the tree. Fig. 3 . Expression patterns of 6 expansin genes based on semi-Q RT PCR. Total RNA was collected from 36-h-old roots and pegs, or from the hook portion or the apical 1/2-cm of tissue just below the hook of 4-day-old etiolated cucumber seedlings. The RNA from these tissues was used to determine the threshold cycle at which amplification of either the gene of interest or of 18S ribosomal RNA could be detected. The difference between these values is the DCt value and is normalized for variations in RNA loading. The numbers plotted on the y-axis (relative expression) were obtained by subtracting the DCt value from 25. Higher numbers thus represent more expression. The DCt value represents numbers of amplification cycles; therefore, an increase of a single unit on this scale represents a 1.8-2.0-fold change in gene expression level, depending on primer efficiencies. Note that because primer efficiencies vary from gene to gene, the results for one gene cannot be compared to another. Only comparisons within a single gene are significant. Standard error bars are shown (in all cases, n=6). Where no bars appear, there was no variation in the measured DCt value. 1996). In one study by Brown et al. (1996) , a 2D clinostat was found to provide a good control for short, dark grown, oat coleoptiles grown in space, but not for tall plants of the same population. In future experiments, it may be necessary to use 3D clinostats.
The differences between gene expression levels of Penn State grown seedlings and seedlings grown at NASA point to a change in an environmental factor. The largest obvious difference was the CO 2 concentration of the orbiter and the OES. Normal atmospheric CO 2 concentration is about 300 ppm while on the shuttle, and in the OES, concentrations were typically over 2 000 ppm. Elevated CO 2 concentrations are known to affect plant growth and may be responsible for the change in gene expression levels (Makino and Mae 1999) .
One of the biggest surprises of this experiment was the high rate of peg formation observed in microgravity. As we note (Link and Cosgrove 1999) , pegs formed in space over 97% of the time. The lack of any difference in expression levels of either CsExp3 or CsExp4 between the space-grown seedlings and their 1 g (OES) grown controls is consistent with the observed high rates of peg formation.
The stimulus for peg formation has been debated ever since Darwin concluded that peg formation was dependent on gravity (Darwin and Acton 1895) . This conclusion was challenged by Crocker et al. (1910) , who concluded that peg Fig. 4 . DCt values for CsExp3 and CsExp4 under different growth environments. The Ct for 18S RNA was subtracted from the Ct for CsExp3 or CsExp4 to produce the DCt value. Larger DCt values indicate less gene expression. A, for CsExp3 the DCt values were measured in triplicate for at least 5 seedlings from each environment. Standard error bars are given for each treatment. The 1 g and clinostat treatments were done at the Pennsylvania State University, while the OES (ground control) and space treatments were done at Kennedy space center and on orbit in the space shuttle Discovery respectively. B, same as A, except that, for CsExp4, the DCt values could only be determined reliably for the 1 g treatment (6 seedlings). In general, the values were at or below the detection limits for the other treatments. The values shown only include seedlings for which measurements were obtained: clinostat; 2 seedlings; OES, 2 seedlings; space, 3 seedlings.
formation was the result of the arching of the hypocotyl hook. Two papers Suge 1988, Takahashi and Scott 1994) reported that when seeds were germinated vertically or on clinostats, more than 50% of the seedlings were peg-less; therefore, gravity stimulated peg formation. However, in a more recent paper (Takahashi et al. 2000) , two pegs were observed 83% of the time for vertically grown seedlings and 92% of the time in microgravity. They interpret these new findings to mean that gravity suppresses peg formation. This differs both with their earlier work and with our results. What is clear about peg formation is that the testa stimulates peg formation (Crocker et al. 1910, Link and Cosgrove 1999) . Removal of the testa from germinating seeds led to the reduction or complete elimination of peg development. In post-flight experiments, we repeated Crocker et al.'s work and found that this was true for seedlings with or without hook formation, germinated horizontally or vertically (Link and Cosgrove 1999) . All space flight studies on pegs have used seeds with intact testa, thus confounding the role of gravity. In all future experiments attempting to determine gravity's role in peg formation, the testa should be removed as described by Crocker et al. (1910) .
Gravity's role in peg formation remains unclear; nonetheless, auxin concentrations and transport are important for peg formation (Witztum and Gersani 1975, Takahashi and Suge 1988) . Varying auxin concentrations, or sensitivities to auxin, may explain why different seed varieties will form pegs at different rates (91% of Burpee Hybrid II seeds formed one peg in microgravity, while 92% of Watanabe Otone no. 1 seeds had two pegs). The high degree of variability in peg formation among different seed varieties of the same species, and between seeds with and without testa clearly shows that gravity has a more subtle role in peg formation than was reported.
A review of previous space biology experiments shows that investigators tend to find one of two results: altered growth patterns or physiology (Brown et al. 1974 , Kordyum et al. 1983 , Krikorian and O'Connor 1984 , Levine and Krikorian 1992 , Heathcote et al. 1995 , Hilaire et al. 1996 , Tripathy et al. 1996 , Porterfield et al. 1997 , Smith et al. 1997 , or no difference when compared with ground controls (Schulze et al. 1992 , Hoffmann et al. 1996 , Kuang et al. 1996 . Two recent reports (Musgrave et al. , 1998 have shown that when filtered air was pumped through the plant growth chambers, most of the gross morphological and many of the quantitative differences between space grown and ground grown plants were eliminated. While filtered air was not pumped over the plants in the present work, there were no differences in gene expression levels, suggesting that, for the relatively short growing time of 36 h, the seedlings did not suffer from the severe stresses seen in other experiments. Our results support those of Musgrave et al. (1997) ; i.e., normal plant development can occur in space.
We successfully identified 7 previously unknown h-expansin genes in Cucumis sati6us and characterized the expression patterns of these in cucumber seedlings by semi-Q RT PCR. The newly identified expansins added support for the subgroupings of expansins we previously proposed. Expression levels of CsExp3 and CsExp4 decreased when seedlings were grown on clinostats, but not in space, indicating that the clinostat did not simulate microgravity well. The similarity of gene expression levels between space grown seedlings and their 1 g controls and the high rate of peg formation shows that normal plant development can occur in space, and that the role of gravity in peg formation is not as important as has been suggested.
